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In Saccharomyces cerevisiae, Pho89 mediates a cation-dependent transport of Pi across the plasma mem-
brane. This integral membrane protein belongs to the Inorganic Phosphate Transporter (PiT) family, a
group that includes the mammalian Na+/Pi cotransporters Pit1 and Pit2. Here we report that the Pichia
pastoris expressed recombinant Pho89 was puriﬁed in the presence of Foscholine-12 and functionally
reconstituted into proteoliposomes with a similar substrate speciﬁcity as observed in an intact cell sys-
tem. The alpha-helical content of the Pho89 protein was estimated to 44%. EPR analysis showed that puri-
ﬁed Pho89 protein undergoes conformational change upon addition of substrate.
 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction
The Saccharomyces cerevisiae Pho89 is an integral plasma mem-
brane protein of 574 amino acids that belongs to the Inorganic
Phosphate Transporter (PiT) family (Transport Classiﬁcation Data-
base (TCDB) Number 2.A.20) [1,2]. Whole genome analysis of gene
expression revealed that the PHO89 expression is induced by dif-
ferent stress conditions, such as Pi starvation, alkaline pH, Mg2+
starvation, Ca2+ stress and cell wall damage [3–5]. Pho89 is vital
for maintenance of Pi homeostasis under stress conditions [3]
and mediates the coupled translocation of Pi and Na+ across the
membrane, using the energy of the inwardly directed Na+ gradient
(DpNa+) [6].
Pho89 shares signiﬁcant amino acid identity with the PiT family
members, which include the mammalian type III Na+/Pi cotrans-
porters Pit1 and Pit2 [7], the plant Arabidopsis thaliana Pht2 protein[8] and the Neurospora crassa Pho4 protein [9]. Membrane topology
analyses have suggested that the Pho89 protein consists of 12
transmembrane domains (TMDs), with both N- and C-termini lo-
cated at the periplasmic side, and a large intracellular hydrophilic
loop positioned between the seventh and eighth TMDs [10–12].
Recently, functional studies have shown that glutamic acid resi-
dues at position 55 and 491 of Pho89, both located in the trans-
membrane regions and conserved in all PiT family members, are
essential for Pi transport activity [10,13]. Moreover, members of
the PiT family have been shown to form oligomers at the cell sur-
face that may be essential for their functions [14,15]. Biochemical
and genetic studies have revealed that the impaired human Pit2
transporter is functionally associated with hyperphosphatemia-in-
duced calciﬁcation of vascular tissue and familial idiopathic basal
ganglia calciﬁcation [16,17].
Detailed information about the molecular mechanism and reg-
ulation of Pho89 is lacking. We have previously shown that puri-
ﬁed recombinant Pho89 protein produced in Pichia pastoris retain
the oligomeric state when treated with different detergents [14].
Furthermore, the Pho89 protein puriﬁed in the presence of Triton
X-100 was functionally reconstituted into proteoliposomes and
exhibited Na+-dependent Pi transport activity driven by an in-
ward-directed Na+ gradient (DpNa+) [14]. In order to correlate
the function of the Pho89 transporter with the protein structure,
we have in this study utilized biochemical and biophysical meth-
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ship of the protein.2. Materials and methods
The nitroxide spin label, MTSL (2,2,5,5-tetramethylpyrrolin-3-
methanethiosulfonate spin label) was obtained from Toronto Re-
search Chemicals (Canada). [32P]-orthophosphate (carrier-free)
was purchased from Perkin Elmer (Waltham, MA, USA). Foscho-
line-12 was obtained from Anatrace (Maumee, OH, USA). Complete
EDTA-free protease inhibitor cocktail tablet was from Roche Diag-
nostics (Basel, Switzerland). The lipids and Bio-Beads (SM-2) were
obtained from Avanti Polar lipids (Redhill, Surrey, UK) and Bio-Rad
(Hercules, CA, USA), respectively. His-Trap chelating column was
from GE Healthcare (Pittsburgh, PA, USA). The HRP-conjugated
mAb against Myc was obtained from Invitrogen (Carlsbad, CA,
USA).
2.1. Puriﬁcation of recombinant Pho89
The full-length S. cerevisiae high-afﬁnity PiT Pho89 was ex-
pressed in P. pastoris and puriﬁed by afﬁnity chromatography fol-
lowed by gel ﬁltration chromatography essentially as described
[14]. The complete procedure is provided in Supplementary text
(S.1.1). The purity of the recombinant Pho89 protein was estimated
by analysis of aliquots of puriﬁed Pho89 protein separated on a 10%
SDS–polyacrylamide gel stained with Coomassie brilliant blue R-
250. The fractions corresponding to the Pho89 protein were iden-
tiﬁed by Western blot using anti-myc-HRP antibody. The Pho89
protein enriched fractions were pooled and used for further analy-
sis either by functional or biophysical studies.
2.2. Spin labeling of puriﬁed Pho89
The Pho89 protein enriched fractions were pooled, and spin-
labeling was performed as described previously [18]. In brief, the
spin-labeling of the Pho89 protein was carried out while the pro-
tein was bound to a His-Trap Ni2+ afﬁnity column (GE Healthcare,
USA) previously equilibrated with the spin-labeling buffer (50 mM
Tris/HCl, pH 8.0, 100 mM NaCl, 10% glycerol, 30 mM imidazole and
0.1% Foscholine-12). Subsequently, the spin-labeling buffer con-
taining 300 lM (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)
methanethiosulfonate spin label was applied onto the column
and left at room temperature for 30 min. The unbound spin label
was washed out with the spin-labeling buffer after which the
bound spin-labeled Pho89 protein was eluted from the column
with buffer containing 1 M imidazole.
2.3. Transport measurements with proteoliposomes
The puriﬁed Pho89 protein was incorporated into liposomes via
a reconstitution method described previously [19,20]. The detailed
procedure is provided in Supplementary text (S.1.2). Phosphate up-
take was measured in proteoliposomes containing Pho89 protein.
Aliquots of 2 ll of the proteoliposomes were diluted 25-fold in
25 mM Tris/succinate, pH 10, containing 0.11 mM of [32P] ortho-
phosphate (carrier-free, 50 mCi/mmol; 1 mCi = 37 MBq; Perkin El-
mer, USA) in the absence or presence of 50 mM NaCl, 50 mM KCl or
50 mM LiCl to create an artiﬁcial ion gradient. The suspension was
incubated at room temperature for 10 min. Pi transport was termi-
nated by the addition of 1 ml of ice-cold assay buffer, followed by
rapid ﬁltration (using the ﬁlter type Supor-200, 0.2 lm; Gelman
Sciences, Ann Arbor, MI, USA) [19,20] under vacuum and three
washes with the same ice-cold buffer after which the radioactivity
retained on the ﬁlter was determined by liquid scintillation spec-trometry. Where indicated, the uptake experiments were carried
out using 100 lM 32P in competition with 2.5 mM nonlabeled
effectors (phosphate, methylphosphonate, dimethylphosphonate,
trimethylphosphonate, phosphoacetic acid and phosphocholine).
2.4. Circular dichroism spectroscopy
Circular dichroism (CD) measurements of the Pho89 protein
(0.035 mg/ml) in 50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 10% glyc-
erol, 1 mM PMSF and 0.1% Foscholine-12 were performed on a Jas-
co J-810 spectropolarimeter equipped with a Jasco CDF-426S
Peltier set to 25 C as previously described [21]. In short, solubi-
lized Pho89 protein was placed in a 0.1 mm quartz cuvette and,
after extensive purging with nitrogen, scanned in the region
200–260 nm (scan speed was 20 nm/min). Averages of ﬁve scans
were baseline-subtracted (50 mM Tris/HCl, pH 8.0, 200 mM NaCl,
10% glycerol, 1 mM PMSF and 0.1% Foscholine-12) and the alpha-
helical content was calculated from the molar ellipticity at
222 nm from three independent analyses as previously described
[22]. For thermal stability experiments, spectra were obtained
from heating of Pho89 protein at the temperature range from
10 C to 80 C with 2.5 C increments. The Boltzmann function
within the GraphPad software (GraphPad Software, Inc., CA, USA)
was used to ﬁt the molar ellipticity values at 222 nm of the tem-
perature gradient to a sigmoidal ﬁt curve.
2.5. Mass-spectrometry analysis
Mass spectrometry (MS) analysis was performed at the core
facility Swegene Centre for Integrative Biology at Lund University
(SCIBLU). A band of puriﬁed Pho89 was cut from the 10% SDS–
PAGE gel after Coomassie staining. This sample was provided to
SCIBLU for further analysis by MALDI MS/MS analysis of trypsin-di-
gested protein, and database search. The results conﬁrmed the
identiﬁcation of puriﬁed Pho89 protein and supported the result
from Western blot analysis.
2.6. Electron Paramagnetic Resonance (EPR) of puriﬁed Pho89
EPR measurements were carried out in a JEOL X-band spectrom-
eter ﬁtted with a loop-gap resonator. Aliquots (5 ll) of puriﬁed
spin-labeled Pho89 protein (1 mg/ml) were placed in sealed quartz
capillaries and loaded in the resonator. Spectra were acquired at
room temperature (20–22 C) from a single 2 min scan over a ﬁeld
of 100 G at a microwave power of 2 mW and a modulation ampli-
tude optimized to the natural line width of the individual spectrum
(0.5–1.5 G). Spectra were obtained in the presence and absence of
1 mM NaCl (in buffer composed of 50 mM Tris/HCl, pH 8.0, 10%
glycerol and 0.1% Foscholine-12).3. Results and discussion
3.1. Functional characterization of puriﬁed recombinant Pho89 with
Foscholine-12
In order to characterize the biochemical and biophysical prop-
erties of the protein, Pho89 was recombinantly expressed in P. pas-
toris, solubilized and puriﬁed with Foscholine-12, a zwitterionic
phospholipid-like detergent that provides a suitable membrane-
like environment and has been successfully used for structural
studies of other membrane proteins [23–25]. The homogeneity of
puriﬁed Pho89 protein was evaluated by SDS–PAGE analysis
(Fig. 1A) [14]. We next assessed whether the Foscholine-12 puri-
ﬁed recombinant Pho89 was functional by reconstitution into lip-
osomes via a reconstitution procedure previously established for
Fig. 1. Puriﬁcation and reconstitution of recombinant Pho89 protein. Isolated membranes from P. pastoris expressing recombinant Pho89 protein was solubilized in
Foscholine-12 and puriﬁed by Ni2+ afﬁnity chromatography followed by gel-ﬁltration chromatography. (A) Aliquots of puriﬁed Pho89 protein from gel-ﬁltration fractions
(lanes 1–6) were separated by 10% SDS–PAGE followed by Coomassie Blue staining. (B) Pooled gel-ﬁltration fractions containing Pho89 protein (lane 1) were reconstituted
into liposomes as described in Section 2. The presence of puriﬁed Pho89 in proteoliposomes (lane 2) was detected by 10% SDS–PAGE followed by Coomassie Blue staining. (C)
Pho89 contained in proteoliposomes were detected by Western blotting with HRP-conjugated antibody against Myc. The positions of monomeric (I), dimeric (II) and
oligomeric (III) species of Pho89 are indicated. All samples were treated with 2 urea loading sample buffer at 37 C for 30 min before analysis.
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The incorporation of puriﬁed recombinant Pho89 into liposomes
was veriﬁed by SDS–PAGE (Fig. 1B) followed by Western-blot anal-
ysis which revealed that the protein appeared as bands of about 63,
140 and 520 kDa, corresponding to the monomeric, dimeric and
oligomeric masses of the protein, respectively (Fig. 1C). This result
indicated that the Pho89 protein was present as the oligomeric
form both in the detergent solution [14] and, presumably, also in
the lipid bilayer (Fig. 1C). Also, mass spectrometry analysis con-
ﬁrmed the identiﬁcation of the Pho89 protein.
As reported previously, the Pho89 has an alkaline pH optimum
(pH 9.5) and utilizes the Na+ gradient (DpNa+) as a driving force to
transport Pi across the cell membrane. An inward-directed sodium
gradient was established by diluting proteoliposomes into the as-
say mixture containing 50 mM NaCl. As shown in Fig. 2A, the level
of 32P accumulation was markedly stimulated (10–12 fold) in the
presence of Na+, whereas no signiﬁcant uptake could be observed
in the absence of Na+. Under similar conditions, the substrate spec-
iﬁcity of Pho89 was also investigated. We found that proteolipo-
somes containing Pho89 retained the same substrate speciﬁcity
as observed in intact cell system [12,26]. These results suggested
that Pho89 preferred Na+ as a co-solute followed by K+ and Li+, to
drive Pi uptake similar to the situation with the Pho4 transporter
of N. crassa [9] and the melibiose permease of E. coli [27]. So far,
Pho89 is the only protein reported as Na+-Pi transporter in the
group of alkali metal cation transporters in S. cerevisiae suggesting
its importance as a speciﬁc Na+-dependent phosphate transporter
[28].
To investigate whether the Pho89 protein speciﬁcally transports
Pi and/or also binds other anions in a competitive manner, we
measured the effect of various non-labeled effectors on the Pi up-
take in the proteoliposomes containing the Pho89 protein and in
control liposomes (Fig. 2B). The most efﬁcient competitors were
non-labeled Pi and its analogues, phosphonoacetic acid, methyl-
phosphonate, followed by dimethylphosphonate (Fig. 2C). Replace-
ment of a hydroxyl group by a methyl group in
methylphosphonate reduced the uptake levels of 32P by about
85%. The additional methyl group in dimethylphosphonate affected
the uptake to a similar extent (83% less uptake of 32P), indicating
that the binding site is able to accommodate both of these ana-
logues. Different to methylphosphonate and dimethylphospho-
nate, the analogue trimethylphosphonate had very low impact on
the transport activity. In contrast, when the same transport assays
using the analogue methylphosphonate were carried out with the
H+-coupled Pho84 phosphate transporter in earlier analyses it was
shown that methylphosphonate is not efﬁciently recognized as asubstrate, but instead affects trafﬁcking of Pho84 in S. cerevisiae
[29].
The addition of a carboxylic acid group to phosphate in phos-
phonoacetic acid (PAA) reduced the Pho89 mediated uptake by
about 90%. Previously, it was demonstrated that PAA also acts as
a competitive inhibitor of Pho84 mediated phosphate transport
suggesting direct binding to the phosphate-binding site of Pho84
in a similar way as phosphate [30]. The addition of a choline group
in phosphocholine was found to be the least efﬁcient competitor,
showing no substantial inﬂuence on the Pho89 catalyzed Pi uptake.
3.2. Circular dichroism spectroscopy
We used circular dichroism (CD) spectroscopy to estimate the
secondary structure content of the puriﬁed Pho89 protein in solu-
tion (25 C; 50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 10% glycerol,
1 mM PMSF and 0.1% Foscholine-12). The conditions mimicked
those previously used for estimating the helical content in the hu-
man Na+/H+ exchanger NheI [24]. The shape of the obtained spectra
(Fig. 3A) indicates a signiﬁcant proportion of alpha-helical struc-
ture [31] of the puriﬁed Pho89 protein (Fig. 3A). Based on calcula-
tions from the background-subtracted molar ellipticity value at
222 nm the alpha-helical content of the Pho89 protein is estimated
to 44.4 ± 1.4% (SEM; n = 3), which corresponds to about 254 amino
acid residues of the total 574 residues of the Pho89 protein.
Hydropathy and homology analyses suggest 12 transmembrane re-
gions [10,11] and given 15–20 residues per transmembrane helix
the apparent alpha helical content ﬁts well with the expected con-
tent (i.e., >180 residues in alpha-helical structure).
Next, CD spectroscopy was used to analyze the thermal stability
of the Pho89 protein (Fig. 3B). A loss of alpha helical secondary
structure was observed with increasing temperature as shown by
a change in the molar ellipticity value at 222 nm. The Boltzmann
function within the GraphPad software was used to ﬁt the molar
ellipticity values at 222 nm of the temperature gradient to a sig-
moidal ﬁt curve and to calculate the melting temperature (Tm) of
the Pho89 protein. Unfolding caused by step-wise increase of tem-
perature (2.5 C increments) resulted in sigmoidal, monophasic
transition with an apparent Tm 41.6 ± 3.0 C (SEM; n = 3). We also
examined the potential use of CD spectroscopy to investigate the
Pho89 protein in proteoliposomes. Due to the relatively low pro-
tein concentration in relation to high absorbance by the phospho-
lipids in the proteoliposomes we were unable to determine the
secondary structure of reconstituted Pho89 protein. However, the
thermal stability of the transporter combined with an apparent or-
dered structure of the detergent-solubilized Pho89 protein sup-
Fig. 2. Substrate speciﬁcity characteristics of proteoliposomes containing puriﬁed
recombinant Pho89. (A) The reconstituted proteoliposomes were preloaded with
25 mM K+-HEPES buffer at pH 7.0, and diluted 25-fold in assay buffer (25 mM Tris–
succinate, pH 10) in the absence or presence 50 mM NaCl, KCl or LiCl. Transport was
initiated by addition of 100 lM [32P]. The Pi transport was assayed as described in
Section 2 after 10 min incubation. (B) Effect of phosphate analogues on phosphate
transport. Uptake was carried out under the same conditions as in (A), but in the
absence (None) or presence of 2.5 mM nonlabeled effectors, phosphate (Pi), methyl
phosphonate (MP), di-methyl phosphonate (DMP), trimethyl phosphonate (TMP),
phosphonoacetic acid (PPA) and phosphocholine (PCH) which were added 2 min
before [32P] and stopped by rapid ﬁltration. (C) Schematic representation of the
chemical structures of different analogs used in graph (B). Data represents the
mean ± S.D. of three independent experiments with four replicates each.
Fig. 3. Secondary structure of recombinant Pho89 was determined by CD
spectroscopy. (A) Recombinant Pho89 protein (0.035 mg/ml) was placed in a
0.1 mm quartz cuvette and scanned at 25 C in the region 200–260 nm with a scan
speed of 20 nm/min. The molar ellipticity at 222 nm from three independent
experiments was used to calculate the alpha-helical content. (B) Thermal unfolding
of recombinant Pho89 was monitored by changes in CD spectra. CD spectra of
Pho89 protein obtained at temperatures 10, 45 and 80 C are shown. (C) Thermal
stability of Pho89 was determined by changes in molar ellipticity at 222 nm at
2.5 C increments in the temperature range between 10 and 80 C. A Tm of
41.6 ± 3.0 C (SEM; n = 3) was determined by ﬁtting of the Boltzmann function,
which was used to ﬁt the molar ellipticity values at 222 nm of the temperature
gradient to a sigmoidal ﬁt curve. All CD analysis of Pho89 (0.035 mg/ml) was
measured in 50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 10% glycerol, 1 mM PMSF and
0.1% Foscholine-12.
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that of Pho89 protein embedded in a phospholipid bilayer.
3.3. EPR spectroscopy analysis
EPR spectroscopy was used to assess the integrity of the pro-
tein and also to investigate the potential inﬂuence of the struc-
ture by the presence of substrate. To do this, the free –SH groups
of the native ﬁve Cys residues in Pho89 were reacted with the
thiol-speciﬁc spin label, MTSL [32,33]. The Pho89 structure con-
tains ﬁve native cysteines, of which two are expected to be di-rectly accessible in extra-membrane regions [10,11], although
in most cases MTSL reacts rapidly with free –SH groups at inte-
rior sites as well. An obvious limitation of the analysis is thus
the lack of information on the number and exact position of
the labeled cysteine(s). However, the data from the native Cys
residues can be informative on the relative order of the recom-
binant protein molecule, as the EPR spectrum of the attached
nitroxide is highly sensitive to the rapid backbone motions of
unfolded proteins or disordered protein regions [18,34]. The
spectrum of Pho89 puriﬁed in Foscholine-12, spin labeled with
Fig. 4. EPR analysis of Pho89 reacted with the MTSL nitroxide spin label. Shown are
spectra of puriﬁed Pho89 in Foscholine-12 detergent obtained in the absence (black
trace) and presence (red trace) of 1 mM Na+. Each spectrum represents the identical
number of spins present in 1 mg/ml protein.
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bly, there is an absence of weakly immobilized signal, suggesting
each of the spin labels is attached to an ordered backbone. This
ﬁnding is consistent with the CD results, in that regular second-
ary structure is abundant when the Pho89 protein is solubilized
in Foscholine-12 detergent micelles. As shown in Fig. S1, the CD
spectra of Pho89 with attached spin label, are identical to the
Pho89 without attached spin label. These results demonstrate
the spin label does not introduce major changes to the second-
ary structure of the protein, which would be expected if the
Cys modiﬁcation resulted in the mis-folding of the protein.
The relatively broad EPR spectrum obtained from the spin la-
beled Pho89 suggests multiple correlation times contribute to the
modulation of the hyperﬁne anisotropy, each with rates of motion
longer than 1 ns [35]. To explore whether the dynamics of one or
more attached spin labels were altered upon ligand binding, we
also analyzed puriﬁed Pho89 by EPR after addition of NaCl (ﬁnal
concentration 1 mM). As evident in Fig. 4, addition of NaCl results
in a slight broadening of the EPR spectrum. The most likely expla-
nation for this result is a decrease in the conformational entropy in
the protein upon substrate binding, which slows the reorientation
of one or more spin probes. Thus, in isolation, at least one of the
spin labeled positions should function as an effective marker for
Na+ ligand binding and perhaps a kinetic state.
In conclusion, we have shown that full-length S. cerevisiae
high-afﬁnity PiT Pho89, solubilized and puriﬁed in the presence
of Foscholine-12, has retained oligomer formation and exhibit
Na+-driven Pi cotransport activity when reconstituted in proteo-
liposomes, and that this Pi uptake can be inhibited by phosphate
analogues in a structurally size-dependent manner. Moreover,
CD analysis showed that the a-helical content of the Pho89 pro-
tein corresponds to that expected for a membrane protein com-
posed of 12 transmembrane helices. Finally, EPR spectroscopy
reveal structural conformational change upon substrate binding
to the Pho89 protein. The ﬁndings of the present study could
be useful to gain mechanistic insights into the biological func-
tions and regulations of Pho89 transporter and also open the
way for biophysical and structural studies of PiT family
members.
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